While much nanotechnology leverages solid-state devices, here we present the analysis of designs for hybrid organic-inorganic biomimetic devices, "protocells," based on assemblies of natural ion channels and ion pumps, "nanoconductors," incorporated into synthetic supported lipid bilayer membranes. These protocells mimic the energy conversion scheme of natural cells and are able to directly output electricity. The electrogenic mechanisms have been analyzed and designs were optimized using numerical models. The parameters that affect the energy conversion are quantified, and limits for device performance have been found using numerical optimization. The electrogenic performance is compared to conventional and emerging technologies and plotted on Ragone charts to allow direct comparisons. The protocell technologies summarized here may be of use for energy conversion where large-scale ion concentration gradients are available (such as the intersection of fresh and salt water sources) or small-scale devices where low power density would be acceptable.
Introduction
Protocells are simplified, synthetic versions of natural cells that can be engineered for specific functions. The protocell designs described here consist of well-characterized molecular components and can be designed to maximize energy conversion [1, 2] . Our protocell designs are inspired by natural cell structures, but are not a simple duplicate of natural cells. These protocells have one or more lipid bilayers [3] [4] [5] , membranes of back-to-back monolayers of amphiphilic lipid molecules formed by hydrophobic interactions, with appropriate nanoconductors [1, [6] [7] [8] [9] [10] to achieve the performance goals. The lipid bilayers would be stabilized, such as on a mesoporous silica [11] or nanofiber support [12] . The nanoconductors incorporated into the membranes can be either natural or engineered [13] membrane proteins, including ion channels and ion pumps [1, [6] [7] [8] [9] [10] 14] ; they are responsible for the regulation of ionic flux through the lipid bilayer. Channels let ions passively travel along the electrochemical gradient and may be gated to open and close in response to chemical, mechanical, or electrical signals, while pumps actively move ions against the electrochemical gradient but require energy input, for example, from ATP hydrolysis [15, 16] . Ion transport is widely studied in the context of biology and neuroscience of natural cells [14, 16, 17] . The protocells described here exploit and extend the electrical energy conversion mechanisms found in natural cells by assembling optimized combinations of nanoconductors to maximize energy output.
Emerging energy conversion devices rely on a myriad of technologies, including solid-state materials based on thermoelectric [18] [19] [20] , piezoelectric [21, 22] , and photovoltaic [23, 24] effects. Thermoelectric devices convert a thermal gradient into electric voltage; these devices require the unusual combination of good electrical conductivity and poor thermal conductivity, for example, bismuth telluride (Bi 2 Te 3 ) or its alloys with selenium [18-20, 25, 26] ; the energy conversion efficiency of thermoelectric devices is still low (<10%) [18, 19] . Piezoelectric devices convert mechanical strain into charge based on the strain-induced charge separation effect of piezoelectric materials, such as quartz crystals [21, 22] or ZnO nanowires [27] . However, the energy output of piezoelectric devices is low (≈10 4 J·m −3 ) [28, 29] ; these devices can only satisfy applications with very low power consumption (<mW) [30, 31] . And of course, photovoltaic devices convert light energy into electricity. Single junction thin film photovoltaic devices have energy conversion efficiency up to ≈25% [32] [33] [34] inorganic photovoltaic cells convert broader ranges of the available spectrum into electricity; the reported efficiency of multijunction cells has reached ≈42% [23, 24] . In contrast to these solid-state materials, individual biological components have significantly higher energy conversion efficiency. For instance, Na + /K + -ATPase, the ubiquitous ion pump, which maintains transmembrane Na + and K + gradients, actively pumps Na + and K + against their ion gradients with an efficiency of 75% to 80% using energy from ATP hydrolysis [35, 36] . Another transmembrane protein, F 1 -ATPase, is reported to convert the free energy from ATP hydrolysis into the rotation of F 1 motor with the efficiency close to 100% [37] [38] [39] [40] . However, neither of these numbers takes into account losses in the rest of the ATP energy cycle.
Current biological energy conversion schemes usually rely on the formation of an intermediate product (oil, sugar, ethanol, etc.) that can be refined and burned to produce electricity [41, 42] with substantial losses in this step; however, cells also convert chemical energy directly into action potentials, and we have been interested in exploring this "direct to electricity" approach that eliminates the combustion/fuel cell losses. For instance, Electrophorus electricus generates electricity to sense in murky water, stun prey, and ward off predators [43, 44] . A mature electric eel can generate substantial electric voltage (open circuit) of 400 V to 600 V [8, 44, 45] , with current peaks (short circuit) of 1 A [45, 46] . The electricity is produced by the collective behavior of its electrogenic cells, the "electrocytes", under the synchronization of its electromotor neurons [8, 45, 47] ( Figure 1(a) ). The electrocyte generates electricity in the form of action potentials; each electrocyte may produce ≈150 mV transcellular potential with typical durations on the order of 3 ms [8, 45] . Many other natural cells produce action potentials with varying amplitudes and durations. For instance, a squid giant axon generates ≈100 mV for ≈1 ms [17, [48] [49] [50] [51] [52] . The electricity is converted from the transmembrane ion gradient through these cell membranes by membrane-protein-regulated ion transport [8, 17, 45] .
Artificial protocells designed to mimic and maximize the energy conversion schemes seen in natural electrogenic cells, are an intriguing approach to energy conversion that builds on recent advances in synthetic biology and nanotechnology.
Electrogenic Mechanism of Protocells
In the electrocyte, the transmembrane proteins necessary for action potential formation are asymmetrically distributed across two primary membranes (Figure 1(b) ) separated by insulating septa [8, [43] [44] [45] . The noninnervated membrane exhibits high densities of Na + /K + -ATPase pumps, K + channels, and Cl − channels, which maintain a resting potential of ≈−85 mV [8, 45, 53] . The innervated membrane International Journal of Photoenergy 3 contains high densities of acetylcholine receptors (AChRs) and voltage-gated Na + channels, which are responsible for the activation of the action potential (AP); there are also inward rectifier K + channels (Kirs) [8] , voltage-gated K + channels (Kvs) [9] , and leak channels [8] on the innervated membrane.
Upon binding of a chemical agonist, acetylcholine (ACh), the ACh receptors (AChR) become permeable to Na + and K + cations. The opening of AChRs depolarizes the innervated membrane, raising the open probability of voltage-gated Na + ion channels (Figure 1 (c)) [6, 8, 44] . With positively charged ions (Na + ) flowing into the cell, the innervated membrane potential further increases, which enhances the opening of additional voltage-gated Na + channels. This cascade, where ACh receptors open large number of voltage-gated Na + channels, results in the formation of an AP on the innervated membrane. The inward rectifier K + channels are closed during this stage, which speeds the increase of the membrane potential. At the peak, the innervated membrane potential is +65 mV [8, 53] . Because of the existence of abundant voltage-gated Na + ion channels on the innervated membrane, the electrocyte can also be stimulated electrically, that is, injecting current to depolarize the innervated membrane [54, 55] .
There are no AChRs or voltage-gated Na + ion channels on the noninnervated membrane of the electrocyte (Figure 1 (c)) [8, 45, 53] . Therefore, this membrane is unable to respond to either chemical or electrical stimulus. The noninnervated membrane potential remains ≈ −85 mV due to ATPase, K + channel, and Cl − channel activities [8, 45, 53] . At the peak of an action potential, the innervated membrane reaches +65 mV transmembrane potential resulting in a total ≈150 mV voltage output across each electrocyte (Figure 1 (c)) [8, 45, 53] . This transcellular potential is summed with serial connection of multiple electrocytes. For an electric eel to generate 600 V there must be at least 4000 layers of electrocytes connected in series [53] . In every layer, multiple electrocytes are connected in parallel to increase the current (Figure 1(a) ). The insulating septa, composed of dense connective tissues [44, 56] , separate the innervated membrane and the noninnervated membrane and prevent the electric charge from being short-circuited within the fish (Figure 1(a) ).
After the peak of action potential, the innervated membrane is repolarized with the inactivation of Na + channels [6] and the opening of inward rectifier channels and voltagegated K channels [8, 9] . The leak ion flux further expedites the restoration of membrane potential to the resting state [57] .
During the action potential, substantial ion flux occurs through the open ion channels, which results in a net electric current (electric charge flux) from the innervated membrane to the noninnervated membrane. The necessary ion concentration gradient is sustained by the slow and steady action of ion pumps, Na + /K + -ATPase, relying on energy from ATP hydrolysis [35, 36, 58] .
A protocell, with the same ion channels/pumps configuration as the natural electrocyte, may imitate the electrogenic mechanism of the natural electric eel. Such a protocell pro-duces the electricity in the form of an action potential, that is, an alternating current (AC) output. The ion gradient in this protocell is created, and can be recharged, by ATP fueled ion pumps, for example, Na + /K + -ATPase [35, 36, 58] . If other molecular components were added, such as bacteriorhodopsin and F o F 1 -ATP synthase [59] [60] [61] [62] , this protocell could be recharged by light energy.
A rechargeable protocell with AC output requires concerted system-level interactions of multiple types of ion channels and at least one type of ion pump [1] . A simplified version, reduced to just one type of ion channel (or channel analogue) would lack the ability to recharge, but would be easier to fabricate and could convert an existing ion concentration gradient into DC current, as shown in Figure 2 (a).
One scheme for a protocell with DC output consists of two water droplets with different initial salt concentrations, suspended in an immiscible carrier, such as a mixture of oil and lipid. Because of the hydrophobic interactions, the surface of the water droplet is covered by a monolayer of lipid; when the two water droplets are brought into contact, a lipid bilayer forms at the interface of the two water droplets (as shown in Figure 2 (a)) [64] [65] [66] [67] [68] . The presence of the bilayer prevents the merging of the two water droplets (Figure 2(b) ). If an ion selective channel (or synthetic analogue) is inserted at the interface, ions will flow from the high-concentration droplet to the low-concentration one.
Natural ion channels are not very stable, synthetic channel analogues, such as the S. aureus α-hemolysin (α-HL), are useful platforms to dial-in desired channel performance. The wildtype α-HL is normally weakly anion selective [69, 70] ; it can also be made cation selective by protein engineering with or without further chemical modification [63, 71] ; for instance, 2-sulfonatoethyl methanethiosulfonate-(MTSES-) treated G133C mutant has been reported with cation selectivity of 170 (g K /g Cl ) [63] .
When cation selective channels are inserted into the bilayer at the interface of two droplets (Figure 2(a) ), there will be unbalanced ion transport, which causes charge separation between the droplets. This charge separation results in a potential difference. In addition, due to the different chemical activities of electrodes submerged in the droplets with different concentrations of salts [72, 73] , the electrode reactions also contribute to the potential difference. The total voltage output of such a system is the combination of contributions from selective ion transport and the electrode reactions in the different solutions. The output can power an external circuit, modeled as a resistor (R), as shown in Figure 2 (a).
Electrogenic Performance of Protocells
Before undertaking the design of an artificial electrocyte, we developed a quantitative model (as described in [1] ) to describe the electrogenic mechanism in the natural electrocyte of Electrophorus electricus and to evaluate the influence of molecular parameters on the electrogenic performance of the cell; the numerical model served to guide the design of the protocell to optimize the electrogenic performance. To summarize briefly, the ionic current through innervated membrane of the electrocyte (Figure 1(b) ) is described by the Hodgkin-Huxley model [17] , with currents through the AChR and Kir channels;
where I is the current through the innervated membrane, C M is membrane capacitance, and V is the membrane potential. g K is the maximum conductance of voltage-gated K + channel, n determines the open probability of K + channel, V K is the equilibrium potential of K + ions; g Na and V Na are those of Na + channels, m controls the activation of Na + channels, and h determines the inactivation of Na + channels. g l is the conductance of leak channel and V l is the potential at which the leak current is zero. I Kir is the current through the inward rectifier channels. I AChR is the current through AChR. There are K + and Cl − ion channels as well as Na + /K + -ATPase on the noninnervated membrane. The ionic current through the ion channel in the noninnervated membrane (Figure 1(b) ) is described by the Goldman-Hodgkin-Katz current equation [6] , which depicts the current through a channel as a function of membrane potential and the ion gradient. The active transport of ions by Na + /K + -ATPase on the noninnervated membrane was modelled with Michaelis-Menten kinetics at a ratio of three Na + ions per two K + ions [74, 75] .
The missing physiological parameters were found numerically by matching the model current output to the nuances of the measured action potential curve on the natural electrocyte with nonlinear least squares [76, 77] .
The voltage output of the natural electrocyte is shown in the upper trace of Figure 1(d) . The design of the protocell was numerically optimized to maximize the electrogenic performance. The design of the protocell started as a list of natural nanoconductors (i.e., ion channels/pumps), basic biophysical parameters (ion permeabilities, two insulating membranes, etc.); the objective of the numerical optimization was to maximize the electrogenic performance (e.g., single pulse energy output, power output density, or energy conversion efficiency) of the protocell design.
The electrical energy output of an artificial cell is defined as
International Journal of Photoenergy 5 where W is the electrical power output and U and I are the voltage and current applied, over time, t. The single pulse energy output is defined as the energy output during one firing of the action potential. The power output density is defined as the energy output of a single layer of cells in a unit of time and with a unit area of cell membrane. The energy conversion efficiency Φ of the AC protocell is defined as
where W out is the work done across the external circuit, E sti is the energy input from the electrical stimuli, E ATPase is the energy from ATP hydrolysis of Na + /K + -ATPase, and Φ ATP (around 75% to 80%) [78] is the energy conversion efficiency of ATP biosynthesis by oxidation of glucose or fatty acids. The transmembrane ion concentration gradient of the cell is sustained by Na + /K + -ATPase. The pumps are fuelled by ATP hydrolysis [58] , consuming 5.9×10 4 J/mol (14 kcal/mol) [79] . The numerical optimization produces a configuration for the protocell that best achieves the design objective. Constrained nonlinear numerical optimization [76, 77] was used to guide the design. One of the constraints was to maintain the total channel density on each membrane while the density of individual type of channels was allowed to change in the algorithm. The resulting protocell, optimized for the electrogenic performance, with the same overall channel densities as the natural electrocyte, may produce action potentials that are longer in duration than the natural electrocyte (Figure 1(d) ). The protocell design has both higher power output and greater energy conversion efficiency than a natural electrocyte ( Table 1 ). An optimally configured protocell is predicted to produce 0.545 W·m −2 per cell; the power output density of the protocells would be linearly dependent on the layers of protocells; a protocell array with dimensions 4.3 mm × 4.3 mm × 3.9 mm could continuously supply 300 μW given a sufficient energy source.
The electrogenic performance of the protocell optimized for DC output was also quantitatively analyzed with a numerical model (as described in [2] ). In this protocell, the electric potential (E t ) consists of two components (Figure 2(c) ): (1) the electric potential (E r ), due to the ion movement through the ion-selective membrane proteins, for example, α-HL mutants; (2) the electrode potential (E c ), due to the different activities of the two electrodes in solutions of different ion concentration;
The electrode potential (E c ) is a function of chloride ion concentrations in the two droplets [72, 73] :
a Cl − , Anode and a Cl − , Cathode are the chemical activities of chloride ions around the two electrodes; γ B is the activity coefficient of the ions in the droplet B; m B is the molality (mol·kg −1 ) of droplet B; γ A and m A are those for the droplet A. R is the gas constant; T is temperature; F is the Faraday constant.
The potential E r , from the unbalanced ion transport through the ion selective α-HL mutants, is depicted by a simplified version of Hodgkin-Huxley model [17] :
I is the current through the lipid bilayer; C is the membrane capacitance; g K and g Cl are the K + and Cl − conductance's of the α-HL mutants; V K and V Cl are the reversal potentials of K + and Cl − ions. The total voltage output (E t ) of this protocell is coupled electrically by Kirchhoff 's laws through the external circuit (Figure 2(a) ). As seen in Figure 2(c) , the total voltage output E t is the summation of the potential E r due to the unbalanced ion transport and the potential E c due to the chemical activities of electrodes in the different solutions. Over time, E t of the protocell decreases from the initial value, due to the shrinkage of ion gradient through the lipid bilayer, which comes from both the ion exchange through the proteins and the water exchange through the lipid bilayer; in this procedure, the relative droplet sizes may vary over time. The shrinkage of ion gradient causes the decrease of both E r (6) and E c (5) . Eventually, the ion concentrations in the two droplets reach equilibrium, which is the end of life of this protocell. During its lifetime, the protocell outputs electricity to power the external circuit (Figure 2(a) ); the total energy output density (w) of this protocell is defined as
W is the energy output of the protocell; V (m 3 ) is the volume of the protocell. The energy conversion efficiency is defined as the ratio of the energy output to the free energy stored in the ion concentration gradient. The unitary free energy stored in the concentration gradient, dG 0 (J · mol −1 ), is given by [15] 
S A and S B (mol·L −1 ) are the ion concentrations of the two droplets; R and T are the gas constant and the temperature. The critical parameters affecting the electrogenic performance (e.g., energy output density, and energy efficiency) are the ion selectivity and channel density (using α-HL mutants in the model), the lipid bilayer area, the initial ion concentrations, and the volumes of the two droplets and the external resistance. The design was numerically optimized by varying these device parameters using a constrained nonlinear optimization algorithm [76, 77] . The constraints include the solubility of the ions in the water and the upper limit of channel density in the membrane. The objective function was the total electrogenic performance of the protocell over its lifetime-either the energy density or energy conversion efficiency. The optimization algorithm varies the parameters 6 International Journal of Photoenergy The energy densities of these two cells are estimated based on simulations of one hour continuous output; but the actual energy densities may be even larger with enough ATP supplied; Electrophorus electricus can generate low-level action potentials for hours without any sign of exhaustion [80, 81] .
†: The protocell designed for DC output can reach an energy conversion efficiency of 48%; but this configuration has impractically low energy density (1.74 × 10 3 J·m −3 , i.e., 4.83 × 10 −4 W·h·kg −1 ). This protocell designed for maximum energy density (6.9 × 10 6 J·m −3 , i.e., 1.92 W·h·kg −1 ) has an energy conversion efficiency of 10%. [28, 85, 86, [88] [89] [90] ). The AC protocell performance is described by a parallelogram; the bottom edge indicates the performance of AC protocells from initial design parameters (i.e., the natural electrocyte, marked with " ") to the optimal design parameters (marked with "+") at 1 h continuous output; the top edge indicates the performance of AC protocells at 10 h continuous output; the left and right sides reflect the performance of AC protocells spanning from 1 h to 10 h. and evaluate the electrogenic performance of the protocell at this set of parameters; the electrogenic performance at this point will be compared to that of the previous set of parameters; based on the comparison results, decisions will be made to either stop the optimization or to further vary the parameters to maximize the electrogenic performance. The design optimized for maximum energy density output is estimated to produce 6.9 × 10 6 J·m −3 energy (≈1.92 W·h·kg −1 ), with an estimated energy conversion efficiency of 10%; the energy density is ≈5% that of a lead-acid battery [82, 83] . The energy output calculated for a protocell optimally configured for high-energy density (6.92 × 10 6 J·m −3 ), with two pairs of droplets with diameters 3.9 cm and 3.3 cm, shows it could power a typical electronic gadget (≈20 mW) for about 10 h.
Power density (W· kg
Higher-energy conversion efficiency can be obtained at the expense of reducing the energy density. The maximum energy conversion efficiency calculated for these protocells reached 48%, but at that point the energy density is quite low (1.74×10 3 J·m −3 ) and not practical for portable applications.
Ragone charts [84] [85] [86] [87] compare the performance of electrical energy storage devices, and provide a representation of the energy density related to the speed over which the energy can be delivered (e.g., power density). Conventional batteries and capacitors generally fall towards different ends of a Ragone chart: batteries generally deliver limited power over longer times [84] [85] [86] ; capacitors generally deliver larger pulses for short times [87] . The Ragone positions of the natural electrocyte, the protocell with AC output and the protocell with DC output are plotted along with other technologies, shown for reference, in Figure 3 . The maximum power output of the natural electrocyte (or a protocell with the exact same configuration as the natural electrocyte) is estimated to be 0.427 W·m −2 ·cell −1 ; each cell layer is 130 μm wide; if the mass density of the electrocyte is assumed to be 1 × 10 3 kg·m −3 (the major constituent being water), the power density of the natural electrocyte is estimated to be 3.28 W·kg −1 ; the power density of the protocell with optimized configuration is estimated to be 4.19 W·kg −1 (Table 1) . Upon stimulus, Electrophorus electricus can generate action potentials for hours without any sign of exhaustion through its main organ [80, 81] ; the positions of the natural electrocyte and the AC protocell with optimal design are marked (" " and "+") based on simulation results assuming one-hour continuous energy output, but their actual energy densities may be even higher if enough ATP was available. Therefore, the position of the AC protocell in the Ragone chart is described by a parallelogram; the vertical range indicates the performance of AC protocell spanning from 1 h to 10 h at given design parameters, which designates that the actual energy densities of AC protocells could be even larger than the current estimation with enough ATP; the horizontal range of the parallelogram indicates the range of performance of AC protocells from initial design parameters to optimal design parameters.
The protocell designed for DC output is estimated to produce 6.9 × 10 6 J·m −3 , equivalent to 1.92 W·h·kg −1 ; the average power density is 12.6 W·kg −1 , calculated from the energy density and the lifetime of the protocell (lifetime is limited by the initial concentration and discharge rate in this case). The lifetime scales linearly with the volume; droplets with 10-times larger diameters have 1000-times larger volumes and would have 1000-times longer lifetime but the total energy density available for output would remain the same at 1.92 W·h·kg −1 . Therefore, the position of the protocell with DC output in the Ragone chart is depicted by a star ( * ) with dotted lines, indicating that depending on the droplet sizes, the same energy density may be delivered more slowly and at lower power density than the results based on a configuration calculated with droplets of 254 nL and 146 nL. The energy density of the DC protocell is ≈5% that of a lead-acid battery [82, 83] ; the power density of the DC protocell is comparable to traditional batteries. Compared with other alternative energy conversion devices (Figure 3) , the electrogenic performance of protocells is much better than that of the piezoelectric devices and comparable to that of thermoelectric and photovoltaic devices. The photovoltaic devices have dramatically worse performance (e.g., the power density of ≈10 μW·cm −2 ) when used indoors than outdoors (power density of ≈1.5 × 10 4 μW·cm −2 ); when compared to the indoor performance, the protocells have larger power density than the photovoltaic devices. In addition, the AC protocell can be recharged using a biological energy source, for example, ATP, which seems appealing for powering implantable devices.
The protocell technologies summarized here may be of use for energy conversion where large-scale ion concentration gradients are available (such as the intersection of fresh and salt water sources) and for those applications where low power density is not a limiting factor.
Conclusion
Protocells, by assembling natural and synthetic nanoscale conductors (e.g., ion channels/pumps), provide a new approach to convert chemical energy (or energy stored in a concentration gradient) into electricity. The electrogenic performance of these protocells has been numerically modeled and effectively enhanced by optimization. The optimized designs produce energy densities sufficiently large for practical applications, from low-power consumer electronics to implantable biomedical devices.
The challenges to this technology lay in creating stable and selective channels and ion pumps-natural membrane proteins are currently purified and inserted into lipid bilayers [91, 92] . Synthetic counterparts of ion channels can be synthesized by protein engineering, such as α-hemolysin and its mutants [63, 71] . Artificial ion channels may also be fabricated by precisely tailoring the radii of SiO 2 nanopores through organic group functionalization [93, 94] . Of course, long-term stability is another concern-the droplet bilayer is one approach, which has been reported to extend bilayer lifetimes [64] [65] [66] [67] [68] . Other approaches for stabilizing the lipid bilayer include mesoporous silica [11] or nanofiber support [12] ; these porous supports not only stabilize the lipid bilayer but also maintain water accessibility to both sides of the bilayer [12] , which is critical for device function. As is done with conventional batteries, multiple protocells could be connected in series and/or parallel to achieve needed voltage and current outputs.
